Photosynthesis involves the conversion of light into chemical energy through a series of electron transfer reactions within membrane-bound pigment/protein complexes. The Photosystem II (PSII) complex in plants, algae and cyanobacteria catalyse the oxidation of water to molecular O 2 . The complexity of PSII has thus far limited attempts to chemically replicate its function. Here we introduce a reverse engineering approach to build a simple, light-driven photo-catalyst based on the organization and function of the donor side of the PSII reaction centre. We have used bacterioferritin (BFR) (cytochrome b1) from Escherichia coli as the protein scaffold since it has several, inherently useful design features for engineering light-driven electron transport. Among these are: (i.) a di-iron binding site; (ii.) a potentially redox-active tyrosine residue; and (iii.) the ability to dimerise and form an inter-protein heme binding pocket within electron tunnelling distance of the di-iron binding site. Upon replacing the heme with the photoactive zinc-chlorin e 6 (ZnCe 6 ) molecule and the di-iron binding site with two manganese ions, we show that the two Mn ions bind as a weakly coupled dinuclear Mn 2 II,II centre, and that ZnCe 6 binds in stoichiometric amounts of 1:2 with respect to the dimeric form of BFR. Upon illumination the bound ZnCe 6 initiates electron transfer, followed by oxidation of the di-nuclear Mn centre possibly via one of the inherent tyrosine residues in the vicinity of the Mn cluster. The light dependent loss of the Mn II EPR signals and the formation of low field parallel mode Mn EPR signals are attributed to the formation of Mn III species. The formation of the Mn III is concomitant with consumption of oxygen. Our model is the first artificial reaction centre developed for the photo-catalytic oxidation of a dimetal site within a protein matrix which potentially mimics water oxidation centre (WOC) photo-assembly.
Introduction
Oxygenic photosynthesis is the process whereby plants utilize sunlight to catalyse the reduction of plastoquinone and the oxidation of water into protons and molecular oxygen. This process is initiated in the pigment/protein complex called Photosystem II (PSII). The essential elements of PSII that catalyse the oxidation of water include: (i.) the strongly oxidizing multi-chlorophyll complex termed P680; (ii.) a redox-active tyrosine termed Y Z ; and (iii.) the oxygen evolving centre (OEC) consisting of four μ-oxo bridged manganese ions and one calcium ion (Mn 4 O x Ca) bound within the protein complex [1] . Upon light activation of PSII, P680 forms the P680
•+ radical cation (E 0 N1.2 V) by transferring an electron to a neighbouring pheophytin molecule followed by rapid transfer of the electron to a bound quinone molecule (Q A ). The charge separated state (P + /Q A − ) undergoes hole transfer from P680
•+ to Y Z , and then in turn to the Mn 4 O x Ca cluster, which couples the one electron photochemistry of P680 to the four electron chemistry of water oxidation via the sequential advance of the S-state intermediates (S 0 -S 4 ) [1] .
In the design of artificial photoactive proteins, there are two approaches that can be considered [2] . The first is the de novo design followed by organic synthesis. A growing number of de novo proteins are being synthesized with increasing functionality [3] [4] [5] [6] ; however, their synthesis is currently limited to a polypeptide length of about 100 amino acid residues. The second approach, and the one adopted for this work, involves the modification of natural protein scaffolds. Target scaffolds are selected based on pre-existing structural features that may be useful in re-engineering the protein. In addition, the design of a light-activated redox catalyst has to take into consideration the physiological limitations of intra-protein electron transfer. Electron tunnelling between redox centres is reasonably accurately described by a simple exponential decay with distance [7, 8] . Packing density and the secondary structure of the protein matrix play smaller roles in mediating electron tunnelling rates [9] [10] [11] . As such natural proteins with productive electron transfer reactions have been found to have cofactors separated by not more than ∼ 14 Å [8, 12, 13] . The complexity of the PSII enzyme has thus far discouraged attempts to reverse engineer a complete synthetic water oxidase [14] . As a result, previous engineering efforts have focussed mostly on constructing biological motifs that mimic one particular aspect of the water oxidase; for example, chlorin excitation/oxidation [15] and metal binding/complex formation [16] . Hay et al. (2004) showed light-activated electron transfer between a chlorin (ZnCe 6 ) and a quinone engineered into cytochrome b 562 . The quinone was covalently attached approximately ∼ 10 Å away from the bound chlorin producing surprisingly high efficiencies of electron transfer (∼ 20%). Metal binding/complex formation was shown by Thielges et al. where the purple non-sulphur bacterial reaction centre was modified to bind a single Mn II ion. Upon illumination, the bound Mn could reduce P870 + suggesting that the metal centre was oxidized [16] . Gray et al. have shown electron transfer through ligation of a ruthenium complex to the azurin protein. By differing the distance from a single copper ion, light-induced oxidation of the copper ion and reduction of the ruthenium cation could be achieved [17] . In order to mimic the reactions of the PSII donor side, we have engineered a di-nuclear manganese centre within close proximity of a light-active chlorin (ZnCe 6 ). We have used a modified form of bacterioferritin (BFR) from Escherichia coli as the protein scaffold to bind these cofactors. BFR is a soluble ∼ 18.5 kDa oligomeric protein which contains both iron and heme b binding sites [18] [19] [20] . The protein forms into a homodimer, binding a single heme group symmetrically at the interface between the two protein monomeric subunits via bis-methionine ligation, and each protein monomer contains a binuclear metal binding site [21, 22] . The crystal structure for BFR was initially produced with two Mn II ions bound in the metal binding site [21, 23] (Fig. 1a.) . Either Mn or Fe metal ions can selectively bind at the active enzymatic site. The BFR protein selfassembles to produce a large spherical-shaped shell, made up of 12 homodimeric units, that enclose a hollow cavity with a diameter of ∼8 nm [21, 24, 25] . The natural protein shell thus binds 12 heme groups and 48 Fe ions [21] (Fig. 1b.) . BFR presents an appealing starting point for engineering a multi-step, light-activated protein as: (i.) it is a highly stable protein (ii.) the heme can be extracted and replaced with a photoactive chlorin [15, 26] ; (iii.) the binuclear metal site has ligands similar to manganese catalase where the di-manganese site can reach an oxidation state of Mn 2 III,IV [27] [28] [29] [30] ; and (iv.) the in silico estimated cofactor separation within the BFR protein is similar in distance to that found in PSII ( Fig. 1c and d ) [31] .
Here we report the construction of a light-activated metallocatalyst, which can oxidize Mn II to Mn III upon illumination with a tyrosine radical formed during the process. The light-induced oxidation state changes were characterized by low temperature perpendicular and parallel mode X-band EPR spectroscopy.
Materials and methods

Cloning and mutagenesis
The bfr gene encoding bacterioferritin was amplified from E. coli BL21 cells, using PCR primers 5′-GGTATTGAGGGTCGCATGAAAGG-TGATACTAAAGTTATAA (Forward) and 5′-AGAGGAGAGTTAGAGCCTC- ATCAACCTTCTTCGCGGAT (Reverse). Ligation Independent Cloning (LIC) regions in each primer (underlined) facilitated cloning into the pET30 Xa/LIC vector (Novagen), for expression in E. coli BL21 cells. Two external histidines (H46, H112) were changed to arginines using the Stratagene Qickchange site-directed mutagenesis kit and the following PCR primers. H46R 5′-AATGATGTGGAGTATCGCGAATCCATTGATGA H112R 5′-GCCGATAGCGTTCGTGATTACGTCAGCC. This double mutant (BFR 1 ) was utilized for all measurements carried out in this study.
Expression, purification
BFR 1 was expressed in E. coli cultures with induction using 1 mM isopropyl-beta-D-thiogalactopyranoside (Sigma). Harvested cells were pink in colour due to the high expression level of the heme containing protein. Cells were lysed and the protein was purified from the supernatant utilizing the His-tag and a nickel sepharose column (GE Healthcare). The His-tag was cleaved using Factor Xa, and removed again using a nickel sepharose column. The purified protein was dark blood red in colour due to the bound heme and was of single band purity on an overloaded SDS-PAGE gel. Non-heme iron was removed using the modified method of Bauminger et al. with exhaustive dialysis in the presence of dithiothreitol and EDTA [32] . The heme was removed from the heme binding pocket of the dimeric holoprotein using the method of Teale et al. [26] . Protein concentrations for the apo-protein were determined using ɛ 280nm of 20340 M − 1 cm
. A 1 mM ZnCe 6 stock was prepared by the addition of zinc acetate to free base chlorin e 6 dissolved in methanol, added in a 1:1 molar ratio with UV-Vis confirmation of binding of the zinc to the chlorin [33] . UV-Vis spectroscopy was carried out on a Cary 300 Spectrometer (Varian, USA) and CD spectroscopy was carried out on a Jobin Yvon type III+ spectrometer (Horiba, Japan).
O 2 measurements
All oxygen measurements were carried out at 25°C on an oxytherm Clarke type oxygen electrode (Hansatech, UK) modified to contain a side illumination port. Oxygen measurements were carried out on samples containing 30 μM BFR, 15 μM ZnCe 6 , 60 μM or 300 μM MnCl 2 or 300 µM FeSO 4 in 50 mM MES pH 6.5. Samples were illuminated for long periods of time until oxygen uptake plateaued.
Isothermal Titration Calorimetry (ITC)
ITC measurements were carried out on a Microcal calorimeter at 25°C and the data was fit to a least squares model with the Microcal Origin fitting software. The heat of dilution was subtracted from the raw data prior to analysis. Manganese binding to BFR 1 
EPR measurements
Low temperature (5 K) X-band EPR spectra were acquired on a Bruker ESP 300E spectrometer using either a TM011 cavity or an ER4116 dual mode cavity, perpendicular mode microwave frequency 9.6 GHz, parallel mode microwave frequency 9.3 GHz, modulation frequency 100 kHz. The EPR spectrum of each sample was collected in both parallel and perpendicular modes. To examine light-induced changes in oxidation state of the metal centre in BFR 1 complexes, samples were prepared in the dark at room temperature then either left for 1 h in the dark or illuminated for 1 h. The long illumination time used coincided with the time taken for the oxygen uptake reactions to go to completion (see previous section). Due to the concentrated nature of the samples they were stirred under pure oxygen during illumination to prevent the samples becoming anaerobic. Samples were then degassed and frozen to liquid nitrogen and stored until use. All samples were measured within 24-48 h. Samples were prepared in 50 mM MES pH 6.5 or in 25 mM tricine, 100 mM KCl pH 7.7 with 400 mM sucrose added as cryoprotectant.
EPR simulations/molecular modelling
Spectral simulations were solved numerically from a Hamiltonian (36 × 36 matrix) using Scilab-4.4.1, an open source vector-based linear algebra package (www.scilab.org). A least squares minimization routine was employed to find the optimal solutions for the parameters. A complete description of the EPR simulations can be found in the supporting information.
Molecular modelling of mutations was carried out with the aid of HyPERCHEM (Hypercube, USA) using energy minimization in a periodic box with the AMBER94 force field. Raytraced images were prepared using PyMOL v0.99 (Delano Scientific, USA).
Results
3.1.
Cofactor assembly in bacterioferritin 3.1.1. ZnCe 6 binding to BFR 1 Previous work has shown that ZnCe 6 will bind at the heme site of cytochrome b 562 via axial ligation to histidine [15] . BFR has two surface exposed histidines at positions 46 and 112. To prevent nonspecific binding these two residues were replaced with arginines. The secondary structure and binding of ZnCe 6 to the double mutant (BFR 1 ) was identical to the wild type as probed by UV-Vis and Circular Dichroism (CD) spectroscopy (Fig. 2) Figure S1 ) and isothermal titration calorimetry (ITC) 2 ( Fig. 3 ). Figure S1 shows the spectra of ZnCe 6 titrated into a solution BFR ). As a control a BFR mutant in which the axial heme ligating M52 was converted to H52 was also measured. This mutant correctly assembled and was capable of oxidizing iron. As expected, no absorbance shift of the chlorine Q Y band was observed, suggesting that the ZnCe 6 no-longer binds to the BFR. This observation confirms the lack of heme binding activity of BFR M52H previously reported by Andrews et al. [18] . . For this the heat of dilution of the protein was subtracted from the raw data. It was found that 0. dimer [41] [42] [43] [44] . As the line shape of the Mn 2 II,II dimer remained constant for temperatures up to 50 K, the exchange coupling between the two metal centres was expected to be small. EPR simulations using the Spin Hamiltonian formalism of the line shape and temperature dependence of the Mn 2 II,II signal were undertaken to estimate the exchange/dipole couplings and zero-field parameters for this system. These calculations are described in detail in the supporting information. The exchange coupling was estimated to be 1.3 K (0.9 cm
), the Mn-Mn distance ∼ 4 Å, commensurate with crystallographic evidence [21] . Both D values for the Mn ions are small (D b 0.2 K), typical for a Mn II high spin (S = 5/2) centre [44] [45] [46] .
The addition of the ZnCe 6 pigment to the BFR 1 -M complex (i.e. BFR 1 -ZM) led to a significant change in the dimer spectrum (Fig. 4b) .
The main intensity of the spectrum shifted to g ∼ 2, and appeared less structured. As before this new signal demonstrated non-Curie temperature dependence (Fig. 5b ) and its line shape was invariant at all temperatures up to 50 K. It was noted that while the spectrum about g ∼ 2 is altered, the wings (g ∼ 2.5 etc., now smaller by approximately a factor of 2) matched the structure seen in the original Mn II dimer spectrum, i.e., without ZnCe 6 . This suggested that the spectrum was heterogeneous, made up of both the original Mn II dimer spectrum and a new signal. The estimated contribution of the original dimer spectrum to the total spectrum observed after the addition of ZnCe 6 was 59%. This suggested that the Zn-chlorin had an effect on 41% of Mn clusters (i.e. 82% of reaction centres). This value is . The line represents the best least squares fit to a model of two independent binding sites. 3 Negative peaks correspond to an exothermic reaction and positive peaks correspond to an endothermic reaction. approximately the same as the estimate from the number of bound Zn-chlorins per Mn cluster as estimated by ITC. The spectrum generated by the subtraction of the original dimer spectrum appeared as a 'simple' derivative about g ∼ 2. The spectra showed near linear temperature dependence (Fig. 5c ). Subsequent modelling of this signal using the same formalism as described above suggested that it could be explained by a substantial drop in the coupling between the two metal centres, with the exchange component dropping to ∼0.01 K and the Mn-Mn distance lengthening to ∼ 5 Å.
The binding of ZnCe 6 also resulted in the formation of EPR signals containing hyperfine structure centred at g = 4.5 and g = 9.8 (Fig. 4a) . These signals span from 50-185 mT, and were assigned to monomeric Mn II bound within a highly structured, weak ligand field. bound after iron oxidation had gone to completion produced further oxygen uptake at a slower rate. Additional light-induced oxygen uptake totalled approximately the same as dark iron oxygen uptake (see Fig. 6a , and Table 2 ). The BFR 1 -ZM complex, when measured under the same conditions, did not auto-oxidize Mn in the dark. Interestingly though, subsequent illumination of this complex did lead to consumption of oxygen ( Fig. 6b-d) . Control measurements demonstrated that only a small amount of oxygen was consumed by the Mn free (BFR 1 -Z), and for a protein free solution of ZnCe 6 ( Fig. 6e and f) . Similarly, when heme was bound to the protein in place of ZnCe 6 and manganese bound at the di-metal site, no oxygen uptake was observed in the dark or upon illumination ( Table 2 ). Buffered pH 6.5 Mn 2+ solutions showed very little oxygen uptake when illuminated (Fig. 6b) . The oxygen uptake rate of the BFR 1 -ZM complex was increased by the addition of superoxide dismutase (SOD) and catalase but the total amount of oxygen consumed was almost the same (Table 2 ). This suggests that SOD and catalase may have a protective function as their addition should slow ZnCe 6 breakdown from reaction with superoxide or peroxide. No oxygen was released upon dark adaptation. More oxygen was consumed when a five fold excess of Mn was added suggesting that more Mn was oxidized. The same amount of oxygen uptake was found for BFR 1 -Z with excess iron. Both consumed a total of ∼ 0.5 mol of oxygen per metal ion.
Light-induced chlorin oxidation/tyrosine oxidation as measured by EPR
Light-induced oxidation of the bound ZnCe 6 was readily observed by EPR (Fig. 7a) . Upon illumination of the BFR 1 -Z complex (i.e. no Mn present) with short actinic light flashes at room temperature a narrow 0.75 mT wide radical centred at g = 2.0022 was generated. Under the same conditions the BFR 1 -ZM complex generated a broader signal (2.5 mT radical) centred at g = 2.0058. This broader radical resolved a 4-6 peak hyperfine structure with p-p spacing ∼1.5 mT characteristic of an oxidized tyrosine (Fig. 7b) [52] [53] [54] . A corrected spin count for each species revealed that the tyrosine signal area was approximately 6 times more intense than that of the ZnCe 6 radical signal. dimer by ∼ 1/3. In these samples the additional Mn 2+ six-line signal present was also partially reduced by ∼25% (see Table 3 ). Concomitant with the loss of unbound Mn 2+ (six-line) was the appearance of broad parallel polarized signal most likely arising from an even spin system (Fig. 8 ). This new signal resolves a hyperfine structure with p-p spacing of ∼ 15.6 mT. This spacing is larger than previously reported for monomeric Mn III [37] [38] [39] .
Discussion
We have taken a bioengineering approach to study the lightactivated electron transport in the water oxidation reactions during oxygenic photosynthesis. Bacterioferritin from E. coli was genetically and biochemically modified to produce a minimalist model of the PSII donor side in which analogues of PSII cofactors were bound. These included a photo-oxidizable chlorin, a redox-active tyrosine, and a dinuclear manganese centre (Fig. 9) . This model system demonstrates both porphyrin excitation and metal complex oxidation.
Cofactor-protein assembly
Upon titration of the BFR 1 into a solution of ZnCe 6, ITC analysis reveals that only 82% of the BFR 1 binds ZnCe 6 ( Table 1) . The small fraction which does not bind may be due to partial aggregation of the chlorin in solution, even at the low concentrations used, or it may reflect heterogeneity in the sample; i.e. some of the binding pockets are perturbed. The control mutant (M52H) did not bind any porphyrins (chlorin or heme) possibly due to steric hindrance through the introduction of two large histidine residues in the heme binding pocket, preventing dimer formation. ITC analysis also revealed that binding of ZnCe 6 to the hydrophobic heme pocket has a large enthalpy term (Table 1) . This large and negative ΔH b value reflects strong noncovalent interactions (van der Waals and hydrogen bonds) between ZnCe 6 and BFR 1 relative to their interaction with the solvent. The main driving force for binding is most likely the hydrophobic interactions between the porphyrin ring structure and the hydrophobic amino acid residues lining the binding pocket. As we showed earlier manganese ligates to the di-nuclear metal binding site of bacterioferritin [2] via four glutamate residues (E18, E51, E94, E127) one from each helix and two histidine residues (H54, H130) [21] . E51 and E127 form di-μ-1,3-caboxylato bridges, where each oxygen atom is coordinated to a different metal ion, while E18 and E94 form monodentate carboxylate ligands. H54 and H130 coordinate to the metal ions separately through the N δ nitrogen (Fig.   9 ). ITC analysis of Mn binding to BFR 1 revealed two distinct binding sites in the dark with very different association constants. Site 1 bound Mn very tightly whilst site 2 binding was weaker by almost three orders of magnitude. Binding of the first Mn ion has a large and negative ΔH b1 value, which may reflect structural changes in the protein upon metal ligation [56] . The second Mn binding has a small and positive ΔH b but a larger ΔS b than site 1 indicating that binding Mn to site 2 is entropically driven. The most likely contributions to this positive entropy are changes in the hydration of the protein and of the metal ion upon binding to the protein [57] . These observations coincide with previous crystal structure findings for BFR with manganese bound, where site 2 was found to have a lower incidence of occupation than site 1 [21] . In comparison, during the photo-assembly of the tetra-nuclear Mn cluster in PSII, the first Mn II ion binds tightly at a high affinity site in the This behaviour may be rationalized as follows. Initially the homodimer has two identical Mn clusters. Upon addition of ZnCe 6 this symmetry is lost. The BFR protein was engineered to bind ZnCe 6 between the two monomeric BFR 1 subunits via a methionine residue. Only one monomer of the dimer subunits provides this ligand (the 5th axial coordinate of the ZnCe 6 ). The methionine residue is one amino acid from the crucial glutamic acid residue (E51) which ligates to both Mn ions in the metal centre. It is possible that the binding of the ZnCe 6 disrupts the coupling through movement of the methionine and thus the glutamic acid residue producing a carboxylate shift (presumably moving the two metal centres further apart).
O 2 consumption
BFR functions in biology to bind iron and oxidize Fe 2 II to Fe 2
III
. This process involves the formation of a stabilizing μ-oxo bond between the two metal ions. This reaction consumes dissolved O 2 [61] . The three phases to this process involve (i.) metal binding and deprotonation of amino acid ligands followed by (ii.) oxidation of bound metal ions with the formation of a single μ-oxo bond between the metal ions and uptake of one oxygen atom per centre. Once all ferroxidase iron binding sites are filled, and all the 48 iron atoms bound per dodecamer of dimers are oxidized, the complex then begins to oxidize excess Fe II within the ball and store it as ferric-oxy-hydroxide (iii.) [22, 51, 62] . The oxygen assay of the BFR 1 protein (Fig. 6) likely occurring at the manganese binding site. The addition of catalase and SOD was found to increase the rate of oxygen consumption but did not have any significant effect on the total amount consumed 4 . We suggest that it acts to protect the chlorin, removing super-oxides and other reactive oxygen species.
Tyrosine oxidation
In the absence of manganese, illumination of the BFR 1 -Z produces a large ZnCe 6
• + radical cation signal at g = 2.0022. In contrast, the addition of Mn results in the loss of the ZnCe 6
• + signal and the appearance of a 'tyrosine like' signal. This new radical signal is unlikely to be the ZnCe 6
• + radical broadened due to through bond/through space interactions with the Mn site as the distance between the Mn centre and the ZnCe 6 is large (∼14 Å). The intensity of the tyrosine like signal is significantly in excess of the ZnCe 6 (6 fold). This is unsurprising as tyrosine radicals are generally much longer lived than chlorin radicals [63, 64] . Here it is suspected that in the time between room temperature illumination and freezing the sample down to 77 K (in the dark), a significant fraction of the chlorin radical decays away. The most likely mechanism for tyrosine oxidation is electron hole migration from the oxidized ZnCe 6
•+ radical to a nearby tyrosine residue. ZnCe 6 has a high estimated oxidation potential of ∼ +1.1 V [15] which is sufficient to oxidize a tyrosine. It is unclear why tyrosine oxidation does not occur when no manganese ions are bound. When Mn (or any metal) binds to the BFR metal site deprotonation of the metal ligands occurs along with structural changes to the ligands themselves. These changes may alter the hydrogen bonding network around the tyrosine allowing proton coupled electron transfer. There are three tyrosine residues in BFR (Y25, Y58, and Y45) that are close enough to the ZnCe 6 (10.6 Å, 11.0 Å, and 4.2 Å respectively) that they could potentially act as 'efficient' electron donors (Fig. 9 ). Of these only two (Y25 and Y58) are found at the metal binding site and both are involved in the hydrogen bonding network of the site. Tyrosine 58 is not highly conserved and is commonly replaced by a leucine in other bacterioferritins. Tyrosine 25 is hydrogen bonded to glutamate 94 which is one of the metal ligands with the oxygen atom of this tyrosine placed 4.3 Å from the nearest Mn ion. Ferritins, which have very similar structure and function to bacterioferritin but do not bind heme, have a redox-active tyrosine within the hydrogen bonding network of the metal binding site. This residue is highly conserved in ferritins and bacterioferritins [65] . As a consequence, we suggest that tyrosine (Y25) is likely to be responsible for the tyrosine like radical in our system. This is currently being tested in our lab. ) display characteristic 'multiline' signals seen in perpendicular mode EPR centred at g ∼ 2 with hyperfine splittings of b90 G [30] . In contrast, the weakly coupled mixed valance dimer should still have broader perpendicular signals and could possibly resolve parallel polarization signals [30, 66] . As neither of these is seen, it is suggested the Mn cluster undergoes two electron oxidation to an even spin Mn [66] . These signals were generated by the oxidation of (L)Mn II (where L = N-methyl-tris(2-pyridylmethyl)ethan-1,2-diamine) using a 1000 fold excess of H 2 O 2 .
Two parallel polarization signals were observed: a structured signal at g ∼ 8 with hyperfine splitting ∼ 50 G (analogous to Mn III signals described above [39, 40, 72] ) and a less structured signal at g ∼ 5 with hyperfine splitting ∼ 95 G. It was noted that the addition of base (triethyl-amine) led to the loss of the high field signal (g ∼ 5).
Conversely the addition of acid (HClO 4 ) leads to the loss of the low field signal (g ∼ 8 
Conclusion
In this study we have shown that the modified BFR 1 -ZM complex is capable of converting light energy into the stored higher oxidation states of Mn. To our knowledge this work is the first example reported in the literature of a bioengineered protein capable of photo-catalytic, multi-electron oxidation of a di-manganese centre. This represents one of the first steps in developing synthetic photo-catalytic, 'green enzymes' that utilize light energy to catalyse oxygen evolution and hydrogen production.
SUPPORTING INFORMATION
The general Hamiltonian used for the Mn The orientation of the two zero-field tenors, dipolar tensor, etc., were assumed to be colinear.
The hyperfine component was approximated by an isotropic line-broadening. The resultant Hamiltonian (36x36 matrix) was solved numerically using Scilab-4.4.1, an open source vector-based linear algebra package available from www.scilab.org. This package can be implemented on most computer platforms. Typical powder pattern averages used 10-100  angles (defined below). A least squares minimization routine was employed to find the optimal solutions for the above parameters.
Powder Pattern Averaging
The paramagnetic centers of a frozen ESR sample take all possible orientations (relative to the field axis), often referred to as a powder pattern. The simulation code allows for this effect by using combination of Euler rotations ( and ). This system only requires two
Euler rotations to define all unique orientations as rotation about the field axis does not alter the eigenvalues of the system.
A generalized powder pattern code was adopted (shown below). The typical number of  angles used (n) ranged from 20-100. Dummy variables x and y were used to uniformly sample the hemisphere. For a given x () angle 1 to p(x+1) y () angles were sampled (with the entries of p(x) as defined below). Note: for x =0 (,  was also set to zero.  
